ABSTRACT In this paper, a miniaturized gain-enhanced antipodal Vivaldi antenna (AVA) with gradual corrugated edges (GCEs) and triangular metal directors (MDs) is investigated. Its operating frequency band is extended and the gain is improved at lower frequencies due to the use of GCEs. In addition, the E-plane beam tilt has been removed and the improvements on side-lobe level are achieved. By applying triangular MDs on the two surfaces of the radiation aperture of the AVA, its gain at higher frequencies is improved. Therefore, the gain variation tends to be flat within the whole operating band. Furthermore, a compact 1×8 E-plane AVA array with a small size of 54.4 × 28.2 × 0.508 mm 3 is also designed, fabricated, and measured. A measured gain is 12.3-12.9 dB in the operating frequency band of 24.75-27.5 GHz, which covers the candidate band for the fifth generation (5G) communication. Good directivity, symmetrical radiation patterns, and compact structure make the proposed AVA array suitable for integration in devices for 5G communication applications.
I. INTRODUCTION
Nowadays, with the rapid advancement and development of millimeter wave (mmWave) technology and the fifth generation (5G) mobile communication networks, the higher frequency band due to the growing need for wider bandwidths and higher data rates are required. Compared with the cellular networks used today (operating at the frequencies less than 4 GHz), 5G mobile networks will use broader mmWave frequency band [1] . So far, Ministry of Industry and Information Technology (MIIT) has prepared the following four frequency bands for 5G technology research and development: 3.3-3.6 GHz, 4.8-5.0 GHz, 24.75-27.5 GHz, and 37-42.5 GHz. In order to meet the needs of the next generation mobile communication system, Vivaldi antenna is a promising candidate for reasons such as planar structure, low cost, easy fabrication and easy integration [2] . Vivaldi antenna was first introduced by Gibson in 1979 [3] . Then, to get wider bandwidth and simplify feeding structure, Gazit proposed an antipodal Vivaldi antenna (AVA) in 1988 [4] . But, AVA needs large size to achieve good radiation performance. With the aim to miniaturize AVA and maintain its good performance, a variety of techniques including combshaped slits [5] , elliptical corrugations [6] , exponential slot edge [7] , sine-shaped corrugation [8] , rectangular slits at sun-shaped configuration [9] and periodic slit edge [10] are introduced. However, the mentioned AVAs have low gain especially at higher frequencies. So, there is a new challenge to optimize the mmWave AVA design with a relatively small size and high gain.
To increase the gain at higher frequencies, an effective approach is to load a ''director'' in the aperture of the AVA, which can focus the energy in the end-fire direction. A parasitic elliptical patch and an exponential dielectric lens in the aperture of the AVA are presented in [11] and [12] , respectively, but these two AVAs are lengthened to aperture direction and the overall sizes are increased. Besides, the metamaterials have been used to realize high-gain Vivaldi antenna. In [13] , multiple layers anisotropic zero-index metamaterials (ZIM) are integrated with the Vivaldi antenna to obtain high directivity and high gain. In [14] , an ultrawideband metamaterial slab covered AVA with high-gain is presented. The metamaterial slab sucks energy from the tapered slot and the flare termination of the AVA and transmits the energy to the end-fire direction. However, the size and complexity of these designs increase by loading metamaterials.
Recently, to satisfy the demands of high radiation efficiency, high gain and stable radiation pattern of the 5G mobile communication applications, Vivaldi antenna arrays have been developed. A linear phased array of eight tapered slot antenna (TSA) in the top portion of the mobile-phone PCB and a 64-elemetns TSA array for 5G channel measurement applications are designed in [15] . Due to the advantages of the substrate integrated waveguide (SIW) technology especially in mmWave frequency band, an AVA array based on SIW is investigated for operating band at 42 GHz in [16] . A compact AVA array with suppressed mutual coupling for 5G mmWave application is proposed in [17] . But, there is still a challenge to reduce the size of AVA arrays and improve their gain.
In this letter, a miniaturized gain-enhanced modified AVA is proposed. Applying gradual corrugated edges (GCEs) and triangular metal directors (MDs) to the AVA, the performance of AVA is improved at lower frequencies and the gain is enhanced at higher frequencies, respectively. As a result, modified AVA achieves high and flat gain in the whole operating frequency band without increasing the circuit size. Furthermore, a compact and high-gain 1×8 E-plane AVA array consisted of designed AVA elements is also designed, fabricated and measured. The designed AVA array has the dimension of 54.4×28.2×0.508 mm 3 and the maximum gain of 12.9 dB. It means that miniaturization and high-gain of AVA array are realized simultaneously in mmWave frequency band.
II. ANTENNA DESIGN AND ANALYSIS
A. SINGLE AVA DESIGN Fig. 1(a) shows the conventional AVA (CAVA), which has been designed on Rogers RT 5880 substrate with relative dielectric permittivity of 2.2, a loss tangent of 0.0009, and thickness of 0.508 mm. The length (L) and width (W ) of the CAVA is 13.5 mm and 6.8 mm. For the CAVA, the exponential curves (y 1 and y 2 ) are adopted to form both the inner and outer edges of radiation parts that are on the top and bottom surfaces of the substrate. Furthermore, such exponential curve (y 3 ) is also implemented as a balun to offer more degrees of design freedom to achieve improved impedance matching. The three curves are defined by the following relations: However, the CAVA at lower frequencies exhibits low gain performance, which is caused by the unwanted surface currents that radiate vertically with end-fire direction at the outer edge of the radiation arms. So, two methods are introduced to improve the performance of CAVA. One is that the ends of radiation arms are broadened to bring more effective radiation, as shown in Fig. 1(a) . On the other hand, gradual corrugated edges (GCEs) are applied to the arms of the CAVA for the gain and miniaturized performance improvement at the low frequencies, shown in Fig. 1(b) . The width and length of the first edge are d s and l s , and the distance from the top edge of the antenna to the first edge is l d . The widths of the other edges are kept equal with the first one, but the lengths increase with a common difference l s gradually. Spacing between two edges is set to d t .
In Fig. 1(b) , from the point of view of impedance matching, GCEs can be seen as some slot-loads to match the termination. Loaded slots will change the return loss of the CAVA. This is because the slot-load can be characterized as an RLC resonator and its resonant frequency is related to the size of the slot. The simulated input impedances of the CAVA with and without GCEs are compared in Fig. 2 . Results show that the real part of the input impedance of the CAVA with GCEs is closer to 105-but its imaginary part has little improvement. Thus, the impedance matching is significantly improved and a wide bandwidth can be achieved by manipulating the slot length and width. After an extensive simulation on the parameters of corrugated edges, d s , l s , l d and d t , their optimal values are selected to be 0.7 mm, 0.4 mm, 0.2 mm and 0.7 mm, respectively. Furthermore, two triangular metal patches called metal directors (MDs) are added on the two surfaces of the radiation aperture of the CAVA with GCEs in order to improve the gain at higher frequencies. The corresponding model is shown in Fig. 1(c) . To explain effectiveness of the MDs on gain improvement, the E-field distributions inside the structure with and without MDs at 26 GHz are given in Fig. 3 . Employing MDs with the proposed structure provides a different propagation environment on the antenna aperture. This pair of MDs strengthens the field coupling between two arms of the antenna so that the EM wave that radiates to the space is closer to the plane wave after the superposition of the coupled fields. A parametric study on the various length (d) and height (h) of triangular MDs for gain variation is performed, resulting in that the highest gain is obtained at d = 4 mm and h = 1 mm (figure not shown for brevity).
The simulated S 11 of the three antennas are plotted in Fig. 4(a) . Results show that the impedance bandwidth of the CAVA is from 24.06 to 28.53 GHz that covers the desired 5G communication band. It is obviously seen that the use of GCEs extends the low end of the frequency band from 24.06 to 22.98 GHz. That is to say, impedance matching performance is improved and miniaturization circuit is realized. There has a slight influence on S 11 when adding MDs to CAVA with GCEs, as shown in Fig. 4(a) .
As shown in Fig. 5 , the surface current distribution behaviors of CAVA with and without GCEs at 22.98 GHz are compared. In the region A of Fig. 5(a) , it is evident that the surface current density of the CAVA is weak. Comparatively, the excited surface currents in region B of Fig. 5(b) are effectively meandered by adding the GCEs. It leads to a greatly extended current path for a fixed dimension. This behavior results in a lower fundamental resonant frequency and size reduction of a large antenna can be obtained [18] .
Gain of the three designed antennas are presented and compared in Fig. 4(b) . From the presented results, it is observed that the gain is significantly improved when the GCEs structure is introduced, especially at lower frequencies. Besides, the use of the pair of MDs contributes to the enhancement of gain at higher frequencies. Compared with the CAVA, the gain of the proposed CAVA with GCEs and MDs is further improved with the value more than 5.5 dB and keeps constant within the 5G operating frequency band. It is noted that the maximum gain of the proposed CAVA with GCEs and MDs reaches 9.3 dB at 26 GHz.
In addition, the simulated E-plane (xoy plane) radiation patterns of the three antennas excited at 26 GHz are plotted in Fig. 6 . The slight asymmetry of the pattern of CAVA is probably due to some unbalanced mode that reached the antenna from the 'limited length' tapered balun (curve y 3 in Fig. 1(a) ), as well as to radiation from the unshielded microstrip line [4] . However, it can be seen that the maximum radiation direction has been fixed in the end-fire direction and the side-lobe level greatly reduces by applying the GCEs. Also, the beamwidth of the main-lobe becomes narrower due to MDs. Therefore, by adding GCEs and MDs, the surface current distribution of antenna has been changed and more surface current distributes along the corrugated edges instead of the edges of the radiate arms. This effect actually produces more directive radiation than the CAVA. Consequently, correcting squint effect, mitigating the side and back lobe levels and increasing its main lobe gain are obtained.
B. ARRAY DESIGN
To achieve higher gain and better directivity, the proposed CAVA with GCEs and MDs is utilized to compose a 1×8 E-plane array. Fig. 7 illustrates the configuration of the proposed AVA array with 1-to-8 T-junction power divider, which can excite each radiating element with equal magnitude. The width of the input port of power divider is set 1.56 mm in order to match 50-coaxial line. Large space between each antenna element may bring grating lobe, but a close distance could cause strong mutual coupling. The element spacing d a , which is 6.8mm, equals the width of a single element. This spacing is acquired based on a simple grating lobe analysis, as indicated below.
where d a is the element spacing, λ 0 is the wavelength at the operating frequency, and ϕ 0 is the main beam angle. For this 8-element AVA array, only the broadside situation (in the Eplane) needs to be considered. In a broadside situation, ϕ 0 equals 90 degrees, so d a < λ 0 . The array spacing of 6.8mm is 0.6 times the wavelength at 26GHz in order to prevent grating lobes over the entire frequency band. The characteristic impedances and lengths of power divider are also presented in Fig. 7 . The proposed AVA array has a compact size of 4.71λ × 2.44λ × 0.04 λ (λ is the wavelength corresponding to 26 GHz). VOLUME 6, 2018 FIGURE 9. Simulated mutual coupling characteristics of AVA array.
FIGURE 10
. Simulated E-field distribution of the proposed AVA array at 26 GHz. Fig. 8(a) shows the simulated S 11 of the proposed AVA array. It is noted that corner-cut technique is introduced to the power divider for achieving better impedance matching. As shown in Fig. 8(a) , the designed AVA array has a good performance in the frequency range of 22.81 to 28.66 GHz, which contains potential candidate frequency band (24.75-27.5 GHz) of 5G communication. Simulated gain of the proposed AVA array is showed in Fig. 8(b) . It is observed that the AVA array presents a gain of 12.75-13.31 dB within the desired 5G frequency band. However, it is seen that the gain drops at 23.7 GHz in Fig. 8(b) . This may be caused by the strong mutual coupling between array elements. From simulated S-parameter results of the AVA array (before the power divider is added) in Fig. 9 , the mutual coupling is strong in the frequency band of 23-24 GHz and the maximum value can reach −12.5 dB. So, strong coupling causes significant degradation on antenna gain.
To further demonstrate the high gain characteristics, the simulated E-field distribution at 26 GHz of the proposed AVA array is given in Fig. 10 . It can be seen that plane-like waves can be obtained. Also, it should be noted that the usage of the microstrip feed network has influence on the gain of proposed AVA array because of the large insertion loss of microstrip line at higher frequencies.
III. MEASURED RESULTS AND DISCUSSION
Following the design procedure, the final AVA array with the power divider has been fabricated and presented in Fig. 11 . The measured S 11 of the AVA array is plotted in Fig. 8(a) . As can be observed from the figure, S 11 of the AVA array is less than −10 dB in the frequency band of 22-29 GHz, which still covers the future 5G communication frequency band. However, the measured S 11 from 22 GHz to 24.5 GHz fall below −10 dB compared with simulated ones. This phenomenon may be caused by dielectric loss and connector loss. Within the desired frequency band, the measured gain of the AVA array varies in the range of 12.3-12.9 dB, as presented in Fig. 8(b) . The performance of devices is sensitive to a slight change in size, especially in mmWave or sub-mmWave bands. So, there are some discrepancies for measured results that can be due to inaccuracy in fabrication of the antenna and the connector. Fig. 12 plots the simulated and measured normalized radiation patterns of the AVA array, including co-and crosspolarization in the E-and H-planes at 25 GHz, 26 GHz and 27 GHz, respectively. It can be clearly seen that the halfpower beamwidth (HPBW) of the AVA array becomes narrower as the frequency increases. According to the depicted normalized radiation patterns, low cross-polarization levels (about -20dB in the end-fire direction) is achieved. Because the AVA elements are arranged in E-plane, the E-plane radiation pattern has a very narrow main lobe and a low side-lobe level. Moreover, the radiation patterns have good symmetry. In Fig. 12 (b) , (d), (f), it is noted that there is a slight mismatch between simulated and measured normalized gain in H-plane, which may be caused by measurement error.
The comparison of proposed AVA array with other various Vivaldi antenna array designs is summarized in Table I . It is seen that [16] , [19] , and [20] are fed by SIW feed network for its low insertion loss and broadband performance in mmWave range. So, these arrays can achieve high gain but their sizes are large. The gains of [17] , [21] , and [22] and this work are relatively lower than above-mentioned arrays due to the large insertion loss of microstrip line especially at higher frequencies. Although [21] can realize the small size, the gain is low. Then, [22] has low gain in comparison to this work, and the size is also large. Besides, numerous grounding vias are added to prevent the excitation of cavity modes and reduce electromagnetic leakage, which increase the fabricate difficulty. It is noted that the proposed AVA array outperforms the work in [17] in terms of miniaturization under the similar working frequency band. The size reduction is mainly achieved by GCEs. Also, the gain of the AVA array is found to be competitive when compared with the other designs.
IV. CONCLUSION
In this letter, a miniaturized gain-enhanced AVA with bandwidth from 23.58 to 28.32 GHz is presented. Low end of frequency band has been extended and gain at lower frequencies has been improved by GCEs at each radiate arm. Two triangular MDs are added to improve the gain at higher frequencies without the need of extra circuit size. Then, a low-profile and high-gain AVA array in combination with a 1-to-8 T-junction power divider is designed, fabricated and measured. The array is operating in the band of 24.75-27.5 GHz, which is ideal for 5G communication. Furthermore, the array has a maximum gain of 12.9 dB, symmetrical radiation patterns and compact structure, which makes it a good candidate for integration in devices for 5G communication applications. ZHENGBIAO WANG (S'17) received the B.S. degree in communication engineering information system from East China Jiaotong University, Nanchang, China, in 2017, where he is currently pursuing the M.S. degree in communication engineering information system. His current research interests include antenna theory and design, and spoof surface plasmon polaritons.
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